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Available online 24 April 2015AbstractImpurity doping has been evidenced as one of the most effective methods to activate wide band gap semiconductors in visible light. However,
these doped metal oxides always encounter serious charge recombination at the impurity levels introduced by the foreign dopants, leading to
relatively low solar water splitting performances. In this perspective, a strategy of engineering impurity distribution is presented for metal oxide
nanostructures for improved photoelectrochemical water splitting under visible light. Particular attention is paid to those doped systems with
optical absorption and electron transport decoupled by spatially engineering the associated impurity distribution. In the context of this dis-
cussion, some selected systems of inhomogeneously doped ZnO nanostructured photoelectrodes, in which the visible-light absorbing and charge
conducting regions are of isostructural nature to avoid introducting large amounts of interface recombination centers, are briefly discussed. Later
on, a concept of impurity distributed homojunction is demonstrated to enhance charge separation by implementing a gradient in the dopant
concentration. An ion implantation method is used to inject foreign dopants into ZnO and TiO2 nanorod arrays to create an impurity distributed
homojunction with enhanced optical absorption and photoelectrochemical water splitting performances in visible light. The electronic and
physicochemical properties of these ion implanted samples are of great dependence on the implanted ions as well as the metal oxide substrates.
In particular, the N ion implanted ZnO nanorod arrays show good photoelectrochemical performance in visible light, because the gradient
distribution of N dopants in ZnO nanorods not only extends optical absorption to visible light region, but also introduces internal driving force
for charge carrier separation by the gradient band bending in the N dopants distributed ZnO homojunction. It is then conclusive that by spatially
engineering impurity distribution, metal oxide nanostructures could be activated in visible light, synergistically with promoted charge carrier
separation, for enhanced photoelectrochemical water splitting performances in visible light.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Solar-driven water splitting to produce H2 and O2 has been
received much attention for its potential as a green and low
cost energy solution [1e4]. Since the first discovery of photo-
assisted electrochemical water oxidation on TiO2 in 1972 [5],* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).photoelectrochemical (PEC) water splitting based on semi-
conductors has been studied extensively for solar-driven
hydrogen conversion [6e9]. As the best representatives of
metal oxide semiconductors, ZnO and TiO2 have been inten-
sively investigated as photoanodes for solar water splitting,
due to their excellent properties such as low cost, nontoxicity,
chemical and thermal stability and superior electron mobility.
However, the major drawback of a large band gap of ~3.26 eV
for ZnO and ~3.10 eV for TiO2, which makes them only uti-
lize ultraviolet (UV) light, limiting their application for solar
water splitting [10,11].er B.V. This is an open access article under the CC BY-NC-ND license (http://
135S. Shen et al. / Journal of Materiomics 1 (2015) 134e145To utilize the large portion of visible and even infrared light
in solar spectrum, many approaches in order to improve the
light absorption ability of ZnO and TiO2 have been developed.
Dye sensitization has been well established since Gr€atzel's
pioneering work in 1991 [12], and different dyes have been
used to sensitize the wide band gap semiconductors such as
ZnO and TiO2 to utilize the very large portion of visible light
in sunlight, due to sufficiently narrow “gap” between the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) of dyes [13e15].
Although impressive photocurrents have been achieved, pho-
tostability is still the bottleneck for dye sensitization. Inspired
by dye sensitization, inorganic quantum dots (QDs) were also
used in purpose of efficient sunlight utilization [16e18].
Moreover, the type II band alignment formed in the interface
between wide band gap semiconductors and QDs is of great
advantage for the electronehole separation [19]. However,
QDs, metal chalcogenides in most occasions, are of poor
stability and high toxicity, which greatly limits the application
of QDs sensitized systems for PEC water splitting. Ion doping
as another effective approach to modify the band structure of
semiconductor for visible light harvesting has been frequently
reported by numerous groups [1]. The mechanisms for visible
light response after ion doping are shown in Fig. 1, taking
TiO2 as the example of wide band gap semiconductor. For
metal ions doping, additional discrete levels, acting as either
donor or acceptor levels in the forbidden band of TiO2,
introduced by impurity dopants would induce visible light
charge transition. For nonmetal ions doping, such as N and C
doping, the p orbit of the incorporated ions will mix with the O
2p orbit to level up the valence band of TiO2 and thus the band
gap is narrowed.
2. Doping to metal oxides for solar water splitting
There is considerable content in the literature that suggests
introducing impurity dopants associated with visible-light-
active electronic transition as one effective technique to
sensitize metal oxides to visible light. So far, plenty of workFig. 1. Band structure change induced by metal ions doping and nonmetal ions
(taking N as the example of nonmetal dopant) doping in TiO2. CB: conduction
band, VB: valence band.has been conducted on metal ions doped TiO2 [20e25], and
various elements including Si, N, Cr, V, Fe, Co, etc., have been
successfully doped into TiO2 for solar water splitting [26e29].
For example, Vinogradov et al. [30] revealed that Fe doping
effectively enhanced the optical absorption ability of TiO2,
and the Fe-doped TiO2 presented a photocurrent density as
high as 54 mA/cm2, which was 2.6 times higher than that of
undoped TiO2. Xu et al. [31] successfully incorporated Sn
dopants into TiO2 nanowires by a one-pot hydrothermal syn-
thesis. The obtained Sn-doped TiO2 showed increased photo-
current due to the significantly increased density of n-type
charge carrier by Sn doping. However, the dopants introduced
impurity levels will act as carrier recombination centers,
resulting in loss of excited carriers and low charge mobility.
Larsen et al. [32] have even observed a decrease in the PEC
performances for Cr-doped TiO2 nanorod arrays used as
photoanodes for solar water splitting. Then, co-doping has
been reported to be an effective way to narrow the band gap
with defect levels passivated. Hoang et al. [33] reported an
increased photocurrent density of hydrogenation and nitrida-
tion cotreated TiO2 nanowire arrays, which reached 0.16 mA/
cm2 at 1.23 V vs. reversible hydrogen electrode (RHE) under
visible light illumination. They also found that N and Ta co-
doped TiO2 nanowire arrays synthesized via a solvothermal
route followed by annealing in NH3 flow displayed significant
enhancement in PEC performance with the photocurrent
densities reaching 0.52 and 0.18 mA/cm2 under solar and
visible light illumination, respectively [34]. The significant
performance enhancement of N and Ta co-doped TiO2 film
originated from suppression of the formation of amorphous
layers on the nanowires during nitridation as well as the
relatively few recombination centers originating from the
charge compensation effects. Recently, Cho et al. [35] pre-
pared W and C co-doped TiO2 by sequentially annealing W-
precursor-coated TiO2 nanowires in flame and carbon mon-
oxide gas, which demonstrated double saturation photocurrent
of undoped TiO2 for PEC water splitting. Such significant
performance enhancement was attributed to a greatly
improved electrical conductivity and activity for oxygen-
evolution reaction due to the synergistic effects of co-doping.
Various elements, such as C, Co, Cu, Fe, etc. [36e40], have
been successfully doped into ZnO for solar water splitting
under visible light. For example, Yousefi et al. [41] prepared
Ce-doped ZnO films by solegel method at an annealing
temperature of 500 C, which displayed a maximum photo-
current of 1.2 mA/mm2 at 1.2 V vs. Ag/AgCl under visible
light irradiation. As a well-studied nonmetal ion dopant, N has
been doped into ZnO for efficient PEC water splitting by
different methods. Ahn et al. [42] deposited ZnO:N films by
reactive ratio frequency magnetron sputtering. Compared to
pure ZnO films, N incorporation narrowed the band gap of
ZnO and shifted the optical absorption into visible light re-
gion. As a result, the ZnO:N films exhibited higher photo-
currents than pure ZnO film under visible light illumination. In
addition, the research of co-doped ZnO films have been re-
ported as well [43,44]. In 2011, Shet et al. [45] synthesized
Ga, N co-doped ZnO thin film by co-sputtering in mixed N2
136 S. Shen et al. / Journal of Materiomics 1 (2015) 134e145and O2 gas ambient. Under visible light, Ga, N co-doped ZnO
films deposited at 500 C displayed a maximum photocurrent
of about 100 mA/cm2 at 0.8 V vs. Ag/AgCl.
3. A strategy to decouple optical absorption and electron
transport by spatially engineering the associated impurity
distribution in ZnO nanostructures: discussion of selected
recent systems
The previous section provides a summary of some doping
systems of TiO2 and ZnO from the literatures that highlight the
effectiveness of ion doping to visible light harvesting. However,
the visible light activities of these dopedmetal oxides are always
relatively low, mainly because of the generally poor transport of
carriers associated with isolated impurity states. These obser-
vations suggest that the traditional doping of metal oxide pho-
toelectrodes, in which the impurity introduced intra-band gap
energy levels might act as recombination centers for photoex-
cited charge carriers [1], always encounter serious charge car-
rier recombination and poor charge transfer ability for reaching
the electrode/electrolyte interface for water redox reactions.
To accomplish the disparity between dopant-induced
visible light absorption and charge recombination in metal
oxide materials of interest for PEC application, a viable
strategy to decouple the optical absorption and electronic
conduction processes has been proposed in some rationally
designed photoelectrode architectures. For example, in the
architectures of QDs sensitized metal oxide photoelectrodes
(e.g., CdSe QDs sensitized ZnO) [17,46], the operational
purpose of QDs is to selectively absorb visible light to
generate charges and ZnO to conduct these photogenerated
electrons for collection in an external circuit. This configura-
tion has been also applied to the metal oxide based photo-
electrodes with doped metal oxide as the visible light
sensitizer. In this section, some selected systems of inhomo-
geneously doped metal oxide photoelectrodes, in which the
visible-light absorbing and charge conducting regions are of
isostructural nature to avoid introducing large amounts of
interface recombination centers, will be demonstrated with
ZnO nanostructures.3.1. A ZnO:Al/ZnO:Ni core/shell nanorod structure
systemFig. 2. (a) A schematic of idealized operating mechanisms overlayed onto the
tip of an individual nanostructure, (b) Incident photon conversion efficiency at
visible wavelengths for ZnO:Al/ZnO:Ni homojunction array (blue squares),
ZnO:Ni thin fi lm (red circles), and ZnO:Al nanorod array (black triangles),
with þ1 V applied vs. a Pt counter electrode, (c) Idealized energetics of the
functional homojunction nanostructure. Reprinted with permission from
Ref. [47].With knowledge of the known deleterious effect of intra-
band gap impurities on charge transport properties of metal
oxides, Kronawitter et al. initially introduced a new concept of
engineering impurity distribution for decoupling optical ab-
sorption and electron transport by spatially separating the
associated impurity distributions in a ZnO:Al/ZnO:Ni core/
shell nanorod structure [47]. Fig. 2(a) shows the schematic of
the proposed operating mechanisms within this doped ZnO
structure. In this unique nanostructured photoelectrode, Al
doping in ZnO nanorod core region rendered greatly increased
electronic conductivity for faciliated electronic conduction to
the back contact during PEC operation; the ZnO:Ni ultrathin
layer deposited onto ZnO:Al nanorods allowed for the opticalabsorption extended to visible light (> 400 nm) with the
sample colour changed from white to green, due to the elec-
tronic transitions associated with Ni(II) introduced energy
level in the forbidden band of ZnO. Moreover, this nano-
structured homojunction architecture gave rise to a dramatic
increase in optical thickness at visible wavelengths, permitting
the use of ultrathin ZnO:Ni overlayer as efficient absorber for
solar abundant visible light. As presented in Fig. 2(b),
approximately a three-fold enhancement in PEC performances
in visible light region was achieved over the ZnO:Al/ZnO:Ni
nanostructure by tailoring the dopant profiles within the
structures to maximize both the optical absorption in solar
spectrum and the amount of photogenerated charge carriers
reaching the electrode/electrolyte interface. The proposed
operating mechanisms and band diagram within the core/shell
structure were established in Fig. 2(c). Under visible light
irradiation, electrons created in ZnO:Ni absorber layer by Ni-
related charge transfer transition could be conducted by
ZnO:Al nanorods to the external circuit to involve in hydrogen
production on Pt counter electrode, with photoexcited holes
transfer to the surface to oxidize water.3.2. A ZnO/ZnO:Cr nanorods/nanosheets isostructural
junction systemAs motivated by the conceptual framework for the design
of visible-light active photoanodes based on the spatially
137S. Shen et al. / Journal of Materiomics 1 (2015) 134e145inhomogeneous doping of metal oxide nanostructures, Shen
et al. intentionally engineered Cr impurities in ZnO and
fabricated a ZnO/ZnO:Cr isostructural nanojunction electrode
via a two-step electrodeposition [48]. As schemed in Fig. 3(a),
in this designed nanostructure, ZnO:Cr nanosheets with
intragap Cr impurity states increased optical absorption; ZnO
nanorods provided a direct pathway to transport photo-
generated electrons for collection in the external circuit. It was
also believed that the isostructural nature of the absorbing
(ZnO:Cr nanosheets) and conducting (ZnO nanorods) regions
had the potential to yield low concentrations of interface
recombination centers, favoring efficient interface charge
migration. As presented in Fig. 3(b), the isostructural nano-
junction showed considerable performance for PEC water
splitting under visible light (l > 510 nm), while its constituent
components alone showed no visible light PEC activity. The
band diagram in Fig. 3(c) shows a proposed operation mech-
anism of the ZnO/ZnO:Cr photoanode under visible light
(l > 510 nm) illumination. In the ZnO:Cr component, impu-
rity states derived from Cr dopants sensitized ZnO to visible
light through the Cr 3d related charge transfer transitions.
Upon visible light illumination, the photoexcited electrons via
the visible charge transfer transition in ZnO:Cr nanosheets
could fluently migrate through the ZnO:Cr/ZnO interface and
then be directed by ZnO nanorods to external circuit, while
photoexcited holes transferred to the surface to involve in the
water oxidation reaction.Fig. 3. (a) Schematic of operating mechanisms of charge transfer within the ZnO
tocurrents (Iet curve) of ZnO/ZnO:Cr structure at an applied voltage of þ1.0 V vs
and without 510 nm cut-off filter, (c) Proposed operating mechanism of the ZnO
permission from Ref. [48].4. The gradient-doped ZnO system4.1. Introduction to gradient doping to metal oxides for
solar water splittingAs discussed above, ion doping is effective and has been
widely used to activate wide band gap semiconductors, espe-
cially metal oxides like ZnO and TiO2, etc., in visible light.
However, these doped metal oxides always encounter serious
charge recombination at the impurity levels introduced by the
foreign dopants, leading to relatively low solar water splitting
performances. Thus, good charge separation is pivotal for a
semiconductor photoelectrode to achieve high solar water
splitting performance. As illustrated in the previous section, an
effective way to improve charge transfer and separation is to
decouple optical absorption and electron transport by spatially
engineering the associated impurity distribution in the doped
systems. Such doped system has been yet limited by available
materials and synthesis techniques and thus few reported
[47,48]. Another common way is to create heterojunctions
those, unfortunately, always have interfaces with large
amounts of defects acting as charge recombination centers.
Thus, a different and rational strategy is needed to improve the
charge separation in the doped systems.
Homojunction, a well-established concept in semi-
conductor physics by forming pen homojunctions or homo-
junctions with gradient composition for enhancing bulk charge/ZnO:Cr structures under visible light illumination, (b) Time-dependent pho-
. Pt counter electrode under simulated solar illumination (100 mW cm2) with
/ZnO:Cr structure as a photoanode for PEC water splitting. Reprinted with
138 S. Shen et al. / Journal of Materiomics 1 (2015) 134e145separation, has been recently proposed to design photocatalyst
or photoelectrode systems for solar water splitting. Lin et al.
[49] deposited a thin p-type layer of Mg-doped a-Fe2O3 over
undoped n-type a-Fe2O3 to create an n-p homojunction that
could drive charge separation and produce an additional
photovoltage. This design of homojunction is analogous to
that demonstrated previously by Boettcher et al. [50] for PEC
hydrogen evolution on p-nþ Si microwire arrays, confirming
the function of p-n homojunction in improving PEC water
splitting performance. Recently, a strategy of homojunction
engineered with gradient dopant distribution was proposed to
improve the charge separation by bending conduction and/or
valence bands over a larger region in the bulk of the sample.
Liu et al. [51] reported a red anatase TiO2 microsphere with a
band gap gradient varying from 3.22 eV in its core to 1.94 eV
on its surface by gradiently elevating the valence band edge,
with a gradient BeN co-doping with high concentrations in
the shell. Abdi et al. [52] demonstrated that the poor carrier-
separation efficiency in BiVO4 photoanode can be overcome
by introducing a gradient dopant concentration to create a
distributed nþen homojunction. As shown in Fig. 4(a)e(b), an
enhanced carrier separation could be expected, due to the
additional band bending in the W:BiVO4 homonjunction. As
comparison, in a reverse homojunction (Fig. 4(c)), the band
bending is present in the opposite direction and should act as a
barrier for carrier separation. This observation evidenced that
the improvement in carrier-separation efficiency could be
caused by the additional band bending at the W:BiVO4/BiVO4
nþen homojunction interface. Furthermore, they synthesized
a BiVO4 photoanode with a 10-step gradient in W doping,
starting from 1% W at the interface with the back contact to
0% W at the semiconductor/electrolyte interface (Fig. 4(d)).
This extended the presence of band bending over the entire
thickness of the photoanode. As a result, the carrier-separation
efficiency increased to ~60% at 1.23 V vs. RHE, compared
with ~38% for homogeneously doped BiVO4, and hence an
approximately 3 fold improvement of the AM1.5 photocur-
rent, up to 3 mA/cm2 at 1.23 V vs. RHE. These results indicate
that the concept of impurity distribution engineeredFig. 4. Band diagram schematic of the BiVO4 samples. (a) 1% W-doped BiVO4 (We
(d) gradient-doped W:BiVO4. In all cases, the light enters from the right-hand side
space charge region at the semiconductor/electrolyte interface is not depicted forhomojunction could be generally applicable for improving
charge separation in a doped photoelectrode system.
In this perspective, ion implantation as a facile physical
doping method was introduced to dope various metal or
nonmetal ions into metal oxide nanorod arrays. Fig. 5 provides
the schematic diagram illustrating the ion implantation
method, taking the process of implanting Cu ions into ZnO
nanorod arrays as the example [53]. In the present case, all the
ion implanted ZnO and TiO2 nanorod arrays showed obvious
optical absorption in visible light, indicating that ion implan-
tation is an effective method to activate wide band gap semi-
conductor in visible light. However, the visible light PEC
performances of these ion implanted samples were very
different, closely depending on the physicochemical properties
of the implanted ions as well as the metal oxide substrates, as
described later in this report.4.2. MethodsThe fabrication procedure of doped ZnO and TiO2 nanorod
arrays in this work consists of a combination of solution
chemistry and physical ion implantation techniques. The ZnO
and TiO2 nanorod arrays were first fabricated onto SnO2:F-
coated glass (FTO; TEC-15, 15 U/sp.) by a hydrothermal
method described in detail in Refs. [53] and [54], respectively.
Dopant ions were implanted into ZnO or TiO2 nanorod arrays
using a metal vapor vacuum arc (MEVVA) ion source
implanter [55]. This synthesis procedure was carried out at
room temperature with an accelerator voltage of 30 kV, and
the nominal doses were 2  1016 ions/cm2 for Cu ions im-
plantation, 5  1015 ions/cm2 for Fe and W ions implantation,
and 1  1015 ions/cm2 for N ions implantation, respectively.
Then the ion implanted samples were annealed at 450 C for
1 h with a ramping rate of 5 C/min. The doped ZnO and TiO2
nanorod arrays obtained via ion implantation were denoted as
MZnO and MTiO2 (M ¼ Cu, Fe, W, N), if not specifically
indicated. The optical absorption properties of all the doped
films were determined with a Hitachi U-4100 UVevisenear-
IR spectrophotometer.BiVO4), (b) W:BiVO4 homojunction, (c) W:BiVO4 reverse homojunction and
(through the electrolyte), and the FTO back contact is situated on the left. The
clarity. Reprinted with permission from Ref. [52].
Fig. 5. Schematic diagram of ion implantation method (left) and the process of
Cu ion implanted into ZnO substrate (right). Reprinted with permission from
Ref. [53].
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three-electrode cell. The doped ZnO and TiO2 nanorod arrays
mounted onto a special designed electrode holder were used as
the working electrodes. The surface areas exposed to the
electrolyte were fixed at 0.785 cm2. An Ag/AgCl served as a
reference electrode and a large area platinum plate was used as
a counter electrode. A 0.5 M aqueous solution of Na2SO4 was
used as the electrolyte. An electrochemical workstation (CHI
760D) and a 350 W Xe lamp solar simulator (100 mW/cm2)
with adjustable power settings through an AM 1.5 G filter
(Oriel) were used for amperometric photocurrentepotential
(IeV) and photocurrentetime (Iet) measurements, with a
420 nm cut-off filter used to block UV light.4.3. Metal ions implanted metal oxide nanorod arrays
for PEC water splitting under visible light: ZnO vs. TiO2As an effective doping method, ion implantation can inject
dopant ions into the bulk of substrates (ZnO and TiO2 nanorod
arrays in the present study) in a highly dispersed state, and
then modify the electronic structures of the substrates without
destroying their initial morphology. In a set of recent experi-
ments in our group, different metal ions such as Cu, V, Fe and
W have been doped into different substrates such as ZnO and
TiO2 nanorod arrays by the ion implantation method. Both
doped ZnO and TiO2 photoanodes exhibited extended optical
absorption edges into visible light region and considerable
PEC performances for water splitting under visible light(l > 420 nm). Detailed investigations have been demonstrated
with Cu and V ions implanted ZnO nanorod arrays as photo-
anodes [53,56], as briefly introduced in the following.
ZnO nanorod arrays were firstly fabricated by a hydro-
thermal method. After Cu or V ions implantation, ZnO
nanorod arrays displayed obvious optical absorption in visible
light region, with nanorod morphology kept almost un-
changed. The absorption edges showed a gradual red shift as
the implantation doses increased. This should be attributed to
the impurity levels created by Cu or V dopants in the
forbidden band of ZnO, which narrowed the band gap of ZnO.
Moreover, it was observed that the concentrations of Cu or V
dopants gradually decreased with the increasing depth of ZnO
nanorod films, indicating the gradient distribution of doping
impurities in the ZnO nanorods. Fig. 6 shows the proposed
microstructure and energy band diagram of Cu or V ions
implanted ZnO nanorod arrays. It was clearly demonstrated
that the impurity levels introduced by Cu or V ions doping,
acting as electron donor and/or acceptor levels, in the
forbidden band led to the visible light charge transition and
hence the reduced band gap of ZnO. As shown in Fig. 6(a),
when the Cu ions doped ZnO nanorod arrays were illuminated
by visible light, electrons in the valence band can be first
excited to the additional levels (Cu2þ and Cuþ states) of the
Cu dopants and then further excited to the conduction band of
ZnO. For the V ions doped ZnO system (Fig. 6(b)), V4þ ions
instead of V5þ ions created impurity donor level (3 d1 level)
above the valence band of ZnO, and hence in this additional
level of V4þ dopant the electrons could be excited to the
conduction band of ZnO under visible light irradiation.
Fig. 7 displays the amperometric I-t curves for Cu and V
ions doped ZnO nanorod arrays under chopped visible light
illumination (l > 420 nm). Compared with pure ZnO nanorod
arrays with neglectable photocurrent under visible light, both
Cu and V ions doped ZnO nanorods showed considerably
improved and quite stable photocurrent densities, which
should be mainly due to the visible light sensitization of ZnO
by Cu and V ions implantation. By varying the dopant con-
centrations in ZnO nanorod arrays, the visible light PEC ac-
tivities could be further optimized. Although either Cu or V
ions doped ZnO nanorods showed relatively low PEC per-
formances for water splitting under visible light, these obser-
vations may offer a new approach to developing novel
photoelectrodes for solar water splitting. In our following
systematic investigation, the ion implantation method was
applied to doping different metal ions (e.g., Cu, Fe, and W)
into different substrates (e.g., ZnO and TiO2 nanorod arrays)
for PEC water splitting under visible light.
Fig. 8 shows the optical absorption spectra of undoped and
metal ions doped ZnO and TiO2 nanorod arrays fabricated by
the ion implantation method. The pure ZnO and TiO2 nanorod
arrays could only utilize the ultraviolet light of l < 400 nm
(Fig. 8(a)). After metal ion implantation, all the doped ZnO
and TiO2 showed optical absorption obviously red shift to
visible light region as compared to the undoped ZnO and TiO2
nanorod arrays (Fig. 8(b)e(d)). This should be related to the
successful doping of metal ions into ZnO and TiO2. It was
Fig. 6. The proposed microstructure and energy band diagram of (a) Cu ions and (b) V ions implanted ZnO nanorod arrays. Reprinted with permission from Refs.
[53] and [56].
Fig. 7. Photocurrent plots of (a) Cu ion and (b) V ion doped ZnO nanorod arrays under visible light (l > 420 nm). The obtained Cu ion doped ZnO nanorod arrays
with different implantation doses (3  1015, 5  1015, and 2  1016 ions/cm2) were named as Cu/ZnOe1, Cu/ZnOe2 and Cu/ZnOe3, respectively. The obtained V
ions doped ZnO nanorod arrays with implantation fluence of 2.5  1015 ions/cm2 were named as V/ZnOe4. Reprinted with permission from Refs. [53] and [56].
Fig. 8. UVeVis optical absorptance of (a) pure ZnO and TiO2, (b) Cu-, (c) Fe-, and (d) W-implanted ZnO and TiO2.
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purity levels in the forbidden bands of metal oxide semi-
conductors [1,4]. These additional levels could act as electron
and/or acceptor levels for visible-light induced charge transi-
tion, making wide band gap semiconductors sensitive to
visible light. As a result, the band gaps of ZnO and TiO2 were
effectively narrowed by Cu, Fe, and W ions implantation.
Fig. 9 shows the IeV curves of pure and metal ions doped
ZnO and TiO2 nanorod arrays under chopped visible light
illumination (l > 420 nm). As shown in Fig. 9(a), the pure
ZnO and TiO2 nanorod arrays exhibited neglectable photo-
currents. Compared with the undoped films, the photocurrent
densities of metal ions doped ZnO and TiO2 nanorod arrays
were improved more or less under visible light irradiation
(l > 420 nm), shown in Fig. 9(b)e(d). However, the visible
light PEC activities for all the doped ZnO and TiO2 nanorod
arrays were still very low, mainly due to the deleterious effect
of metal ion dopants. It is well known that metal ion dopants
always created discrete impurity levels in the forbidden bands
of ZnO and TiO2. These discrete impurity levels, though could
narrow the band gaps of ZnO and TiO2 for visible light
sensitization, would also act as charge carrier recombination
centers, leading to serious electronehole recombination.
Moreover, the high ion flux implantation process could lead to
damage in ZnO and TiO2 crystal lattice and produce va-
cancies, which could also serve as charge recombination
centers [53,56]. Therefore, the low visible light PEC perfor-
mances of these metal ions implanted ZnO and TiO2 nanorod
arrays are reasonable. By further comparison between doped
ZnO and TiO2, it is easily found that the visible light PEC
activities of doped ZnO nanorod arrays are always higher thanFig. 9. Photocurrent-potential (IeV) curves of (a) pure ZnO andthose of the TiO2 nanorod arrays doped with the same metal
ions. This should be possibly related to their various electrical
conductivities, regardless of the lattice defects introduced by
ion implantation. It was reported that the typical electron
mobility in ZnO is 10e100 folds higher than TiO2, leading to
reduced electrical resistance and enhanced electron transfer
ability in ZnO [57]. From the view of this point, ZnO should
be the better substrate candidate for ion implantation to
develop high efficiency photoanodes for PEC water splitting
under visible light.4.4. Nonmetal ions implanted ZnO nanorod arrays for
PEC water splitting under visible lightTo avoid the negative effects of ion implanted metal dop-
ants acting as charge recombination centers, in our following
study, N ions, as the alternative dopants of metal ions, were
doped into ZnO nanorod arrays by ion implantation to activate
ZnO in visible light for PEC water splitting. N ions have been
evidenced to the effective dopants for sensitizing wide band
gap metal oxides like TiO2, Ta2O5, ZnO, and WO3 in visible
light [58e61], by leveling up the O 2p orbital composed
valence band of metal oxides instead of forming intra-band
gap levels in the forbidden band. Fig. 10(a) shows the UVeVis
spectra of pure ZnO and N ions implanted ZnO nanorod ar-
rays. The pure ZnO showed optical absorption only in ultra-
violet region with wavelength of <390 nm. After N ion
implantation, the optical absorption edge of N doped ZnO
nanorod arrays significantly red shifted to ca. 600 nm. It is
clear that N implantation effectively narrowed the band gap of
ZnO. As shown in Fig. 10(b), the PEC activity of N ionsTiO2, (b) Cu-, (c) Fe-, and (d) W-implanted ZnO and TiO2.
Fig. 10. (a) UVeVis absorption spectra and (b) photocurrent-potential (IeV) curves of pure and N ion implanted ZnO nanorod arrays.
142 S. Shen et al. / Journal of Materiomics 1 (2015) 134e145implanted ZnO nanorod arrays was greatly enhanced, with
photocurrent density achieving ~160 mA/cm2 at 1.1 V vs. Ag/
AgCl, which was about 2 orders of magnitude higher than that
of the bare ZnO nanorod arrays and more than 10 times higher
than those of the metal ions doped ZnO nanorod arrays
(Fig. 9). This indicates that when compared to metal ions, N
ions are the more effective dopants to activate ZnO in visible
light for PEC water splitting.
It was previously revealed that different from metal ion
dopants creating discrete impurity levels in the forbidden
band, N ion dopants are more likely to shift the valence band
edge upward, which narrows the band gap of ZnO. In addition,
ZnO is an n-type semiconductor, and then N doping will lower
the Fermi level of ZnO due to the p-type nature of N ion
dopants. When N-doped and undoped ZnO are brought into
contact, the Fermi energy levels equilibrate by electron
transfer from the undoped part to the N-doped part of the
material, resulting in the formation of a modest depletion layer
at the interface between N-doped and undoped ZnO [52]. In
the present study, N dopants were injected into ZnO nanorods,
yielding a gradient distribution in dopant concentration along
the ZnO nanrods (Fig. 11(a)). Such a gradient distribution of N
dopants induces alignment of Fermi levels, obtaining an N-Fig. 11. Schematics of (a) gradient distribution of N dopants in N implanted ZnO n
doped ZnO nanorod arrays. Reprinted with permission from Ref. [62].doped ZnO homojunction with gradient band structure
(Fig. 11(b)), which is supposed to induce built-in electric field
for promoted charge transfer. Under visible light irradiation,
the visible light excited electrons in conduction band and holes
in valence band can efficiently separate as driven by the built-
in electric field and transfer to the back contact and the
nanorod surface through the gradient band structure for elec-
trochemical water splitting reactions. This means that the
gradient distribution of N dopants in ZnO nanorods not only
extends optical absorption to visible light region, but also in-
troduces internal driving force for charge carrier transfer and
separation by creating gradient band structure [62]. Thus, it is
reasonable that the N ions implanted ZnO nanorod arrays
show much higher visible light PEC performances than those
metal ions implanted ZnO nanorod arrays. These observations
suggest that ion implantation could be an effective method to
developing rationally designed nanostructures for efficient
solar water splitting.
5. Conclusions and perspective
A perspective of impurity distribution engineering in metal
oxide nanostructures has been presented foranorod arrays and (b) charge transfer and separation processes in N gradient-
143S. Shen et al. / Journal of Materiomics 1 (2015) 134e145photoelectrochemical water splitting under visible light. Per-
formance enhancement could be associated with the synergetic
effects of spatially inhomogeneous doping, extending visible
light absorption and favoring charge carrier separation.
The unique strategy of decoupling optical absorption and
electron transport has succeeded with some doped ZnO sys-
tems with visible-light absorbing and charge conducting re-
gions are of isostructural nature yielding low concentrations
of interface recombination centers, leading to considerable
enhancement in visible light photoelectrochemical water
splitting performances. It is, however, not always readily
accessible to materials and dopants with suitable electronic
and physicochemical properties as well as method for facile
fabrication of such impurity engineered junctions of iso-
structural nature. The demonstration of the successful com-
bination of large-scale wet-chemical and physical ion
implantation techniques for the fabrication of rationally
designed metal oxide nanostructures with a gradient in the
dopant profile is of direct relevance to optimized and doped
nanostructured oxide materials by addressing the primary
requirements for electrodes enabling efficient solar energy
conversion: visible light activity, efficient charge carrier
separation, and potential for low-cost fabrication. These re-
sults suggest that through impurity distribution engineering it
is possible to tune optical absorption and charge carrier
transport properties for photoelectrochemical applications of
metal oxide nanostructures. This concept of impurity distri-
bution engineering should be also applicable to the other
metal oxide photoelectrodes, including a-Fe2O3, WO3,
BiVO4, etc.
Based on these observations, the next steps toward a
continuing understanding of metal oxide photoelectrode effi-
ciency enhancement driven by engineered impurity distribu-
tion should be comprehensive evaluation of the electronic and
interfacial structures. In particular, understanding the role of
the distributed dopants in electrodes in band structure and
charge transport should be emphasized in future work [63,64].
Novel in-situ synchrotron-based X-ray absorption spectros-
copy measurements provide important new insights toward
understanding of photoinduced electronic structure change
and charge transition in such systems [65,66]. Multiple time-
scale studies of carrier dynamics by laser transient spectros-
copy will also provide additional intrinsic clues for perfor-
mance optimization [9,67,68]. Finally, a facile and widely
applicable method is required for large scale and low cost
fabrication of nanostructured photoelectrodes for solar water
splitting.
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